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Abstract 

The recent measurements of the Michel parameters in tau decays enable, for 
the first time, a thorough analysis of the leptonic sector. In general, in models 
beyond the Standard Model, these parameters will be altered through changes 
in the W and Z couplings, and/or through interactions mediated by new gauge 
bosons. We perform a complete, model independent analysis of the constraints 
imposed by the present data on such boson-mediated interactions, and point out 
the existence of useful relations among the couplings. 

1 Introduction 

In any theory in which the fermions have interactions mediated by heavy (scalar and/or 
vector) bosons, the low-energy consequences can be conveniently parametrized by four- 
fermion interactions. Hence, precise low-energy tests of processes involving fermions 
constitute a window through which one may peek into the nature of the interactions at 
higher energies. This procedure is, in principle, cleaner in the lepton sector where it is 
not obscured by hadronization. Furthermore, one usually expects the scalar-mediated 
interactions to have the fermionic vertices proportional to the fermion masses, thus 
making the tau decays the ideal system for their study. 

The exciting new experimental results in leptonic tau decays reported recently 
[| provide most of the missing pieces of information and warrant for the first time 
a complete analysis of the lepton sector. 

In the Standard Model (SM), the quantum numbers of the fermions under SU(2)^ 
are judiciously chosen in order to obtain a low-energy "(V— A) £g> (V— A)" four-fermion 
structure, correctly describing the dominant features of the experiments in j3 and \x 
decays. One has now the opportunity to test this scheme in tau decays. Should any 
difference arise, that will be a sign of Physics Beyond the SM. In most extensions of the 



SM, these new effects arise through differences in the couplings to the W and Z bosons, 
or through the exchange of new intermediate bosons. The new four-fermion interactions 
thus obtained will be typically dominated by a single intermediate boson; either the 
one with the smallest mass or that whose couplings to the leptons are specially large. 
In any case, important relations exist between the low energy parameters. 

This program is undertaken in what follows. In section 2 we set up the analysis in 
terms of the helicity projection form of the four-fermion interaction pointing out the 
most salient model-independent features. We do this for completeness and to set up 
the notation for the subsequent sections. In section 3 we summarize the experimental 
situation and in section 4 we discuss the universality tests. Section 5 is devoted to the 
analysis of non-standard charged intermediate bosons and section 6 to lepton-flavour- 
changing neutral-boson interactions. Section 7 contains a summary of some features 
of our analysis and resulting information on the opportunities for physics beyond the 
SM. Finally, we draw our conclusions in section 8. The appendix is devoted to the 
development of relations relevant for the analysis of lepton-flavour-changing neutral 
bosons and a detailed discussion of the consequences of the unobservability of the final- 
state neutrinos. We also discuss there the complementary information extractable from 
neutrinoless charged-lepton decays. 



2 The four-fermion hamiltonian 

Let us consider the leptonic decays l~ — > vil'~vy, where the lepton pair (/,/') may 
be (jti,e), (r,e), or (r,/x). The most general derivative-free, lepton-number conserving, 
four-lepton interaction hamiltonian, consistent with locality and Lorentz invariance, 
can be written as H 



n 



n n=S,V,T 
V z e,u=R,L 
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The label n refers to the type of interaction, namely 



r 



a 



2V2 
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(2) 



for the scalar, vector and tensor interactions, respectively. The neutrino chiralities, a 
and A, are uniquely determined once n and the charged-lepton chiralities, e and uj, are 
chosen. Thus, one has 19 real constants, since there are only two non-zero tensor terms 
and one global phase may be taken away. 

In any reasonable model, these couplings are the low-energy limit of scalar and/or 
vector-boson mediated transitions. In general, several such contributions will exist and 
we write 
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n + n n _|_ h n J 
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where the letter w is reserved for the known W boson, and each letter (a, b, . . . ) 
refers to couplings originating from a given additional intermediate boson. From W 
decays, as well as from j3 and /i decays, we know that the W vertices with leptons will 
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necessarily give the dominant contribution to the r and fi leptonic decays. The SM 
predicts that this is the only contribution, and, moreover, that there are only couplings 
to left-handed leptons. Hence, in the SM 



v — v 
9i'i = w vi 



(4) 



and all other couplings are predicted to vanish. Of course, what one measures in these 
decays are the sum of all the different contributions with the same chiral structure 
and these may interfere constructively or destructively. 

For an initial lepton-polarization Vi, the final charged lepton distribution in the 
decaying lepton rest frame is usually parametrized in the form || |6| 

d 2 T(x, cos6) 



dx d cos 9 
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where 9 is the angle between the l~ spin and the final charged-lepton momentum, 
uj = (mf+mf,)/2mi is the maximum V~ energy for massless neutrinos, x = Ey-foj is the 
reduced energy and xq = mi'/uj. For unpolarized I's, the distribution is characterized 
by the so-called Michel parameter p and the low-energy parameter 77. Two more 
parameters, £ and S can be determined when the initial lepton polarization is known. If 
the polarization of the final charged lepton is also measured, 5 additional independent 
parameters |§ (£', 77", a', f3') appear. 

To determine the constraints on Physics Beyond the SM, it is convenient to express 
the Michel parameters in terms of their deviation from the SM values . One obtains, 
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to 1, as it is frequently done. This may always be doneQ by absorbing it in the definition 

1 Alternatively, one may absorb N for the (/i,e) pair, say, use a common Gf in Eq. U and keep 
the normalization factor N for the other two decays. However, care must then be taken when using 
published bounds for the coupling constants g™ , since the normalization in Eq. (fj) is usually adopted. 
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of Gfn- We note that the parameters r\ and Gf n are the only ones linear in the new- 
physics contributions. Namely, they have terms proportional to 



V ~ 2 Re ^ X 9Rk) 



(8) 



and 

G^ocl + 2Re(lx Ag%) , (9) 

where we have used the fact that the SM contribution to g\ L is approximately 1, and 
new contributions to g\ L have been parametrized by Ag\ L . Clearly this last type of 
variation is only detectable if it is non- universal. 

It is convenient to introduce |IOj the probabilities Q etJ for the decay of a u;-handed 
l~ into an e-handed daughter lepton, 



n - \n S I 2 4- \n V I 2 

Wll — j\9ll\ + \9ll\ 

Qrr = \\9 S rr? + \9 V rr\ 2 



T |2 



Qlr = - A \g b LR V + \g v LR V + S\gi R \ 



T |2 



Qrl = -^rlV + \9rlV + Wrl\ 



1 

4 
1 

4 
1 

4 
1 

4 



16 1. 16.. ... 
16 1 16 _ ... 



(10) 

(11) 

(12) 
(13) 



Upper bounds on any of these (positive-semidefinite) probabilities translate into cor- 
responding limits for all couplings with the given chiralities. 
The total decay rate is given by 
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where 
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Thus, the normalization G eM corresponds to the Fermi coupling Gp, measured in /i 
decay. 

The factor 
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(17) 



takes into account radiative corrections not included in the Fermi coupling constant 
Gf, and the non-local structure of the W propagator. These effects |TT| are quite small: 
r^' 1 ' e = 0.9960; r^ e = 0.9958. Notice, that the we are adopting the usual procedure 



of taking the radiative corrections within the Standard Model. Since we assume that the 
Standard Model provides the dominant contribution to the decay rate, any additional 
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higher-order correction beyond the effective four-fermion Hamiltonian (|T|) would be a 
subleading effect. 

The kinematical integrations have been done assuming massless neutrinos. The 
numerical correction induced by a non-zero ui mass, r n = 1 + 8 n ~ 1 — 8(m Ul /mi) 2 , 
is quite small. The present experimental upper limits [§, [12| on the neutrino masses 
imply: \5^ e \ < 5 x 10" 5 (90% CL), \5 T ^\ < 2 x 10~ 7 (90% CL), \5 T u ^ e \ < 1.4 x 10" 3 
(95% CL)? 

It is fortunate that the two parameters which are linear in the new-physics contri- 
butions, f] and Gfq, are precisely the ones which survive in the total decay width. One 
can then study them with non-universality searches which already provide very precise 
tests of the lepton sector. 



3 Experimental summary 



For //-decay, where precise measurements of the polarizations of both // and e have been 
performed, there exist |L(J upper bounds on Qrr, Qlr and Qrl, and a lower bound 
on Qll- They imply corresponding upper bounds on the 8 couplings \gR R \, |<7£r| and 
\g RL \. The measurements of the and the e~ do not allow us to determine \gf L \ 
and \g\j\ separately [IIJ 13| . Nevertheless, since the helicity of the in pion decay is 
experimentally known to be —1, a lower limit on \g\j\ is obtained |I| from the inverse 
muon decay f M e~ — > fi~v e . The present (90% CL) bounds || on the //-decay couplings 
are given in Table |l|. These limits show nicely that the bulk of the /i-decay transition 
amplitude is indeed of the predicted V— A type. 
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\q V 1 
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< 0.036 


\q S 1 


< 0.424 


\q V 1 


< 0.110 


1 T 
\9e R ^ L 


< 0.122 



Table 1: 90% CL experimental limits [§] for the //-decay 3" couplings 



The experimental analysis of the r-decay parameters is necessarily different from 
the one applied to the muon, because of the much shorter r lifetime. The measurement 
of the r polarization and the parameters £ and S is still possible due to the fact that the 
spins of the t + t~ pair produced in e + e~ annihilation are strongly correlated [14-23]. 
However, the polarization of the charged lepton emitted in the r decay has never been 
measured. In principle, this could be done for the decay r~ — > ji^u^Ur by stopping the 
muons and detecting their decay products p0| . The measurement of the inverse decay 
v T l~ — > t~v\ looks far out of reach. 

The present experimental status on the r-decay Michel parameters is shown in 
Table [2], which gives the world-averages of all published |TJ, ^|, H measurements. The 
improved accuracy of the most recent experimental analyses has brought an enhanced 
sensitivity to the different shape parameters, allowing the first measurements of i] T ^^ 
0, 0, e^ e , (£<*)r-e and (£<5) r _^ [§. (The ARGUS measurement § of £ T -i and 
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(£5) T _,z assumes identical couplings for I 
published previously 



e, //. A measurement of 



£r^ e £r^ M Was 



Parameter 


T — > jJL 


r — > e 


With Lepton-Universality 


SM 


P 


0.738 ±0.038 


0.736 ± 0.028 


0.733 ±0.022 


0.75 


V 


-0.14 ±0.23 




-0.01 ±0.14 







1.23 ±0.24 


1.03 ±0.25 


1.06 ±0.11 


1 




0.71 ±0.15 


1.11 ±0.18 


0.76 ±0.09 


0.75 



Table 2: Experimental averages of the r-decay Michel parameters (Jj S @> @l- ^ ne 
fourth column assumes lepton universality. 



The determination of the r-polarization parameters JT], 25], allows us to bound 
the total probability for the decay of a right-handed r, 
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One finds (ignoring possible correlations among the measurements): 



Qt'r 

Ql 



TR 



0.07 ±0.14 < 0.28 
-0.32 ±0.17 < 0.14 
0.00 ±0.08 < 0.14 



(90% CL) 
(90% CL) 
(90% CL) 



;is) 



(19) 
(20) 
(21) 



where the last value refers to the r-decay into either I = e or fi, assuming universal 
leptonic couplings. Since these probabilities are positive semidefinite quantities, they 
imply corresponding limits on all |<?^ Ti J and IfiV™^! couplings. The quoted 90% CL 
have been obtained adopting a Bayesian approach for one-sided limits Table ^ 
gives the implied bounds on the r-decay couplings. 
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< 0.53 


\q V 
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< 0.38* 

< 0.38* 
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< 0.37 

< 0.37 
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< 0.30 


1 T 


< 0.22* 


\dlr R 


< 0.21 



Table 3: 90% CL limits for the r^-decay g™ couplings. The numbers with an asterisk 
use the measured value of (£5) e ; the meaning of the assigned confidence level could be 
doubtful in this case (see text). 

Notice, however, that the central value of Q T T ~^ e turns out to be negative at the la 
level; i.e. , there is only a 3% probability to have a positive value of Q T T ~^ e - Therefore, 
the limits on Iq" T I and |o" _ I should be taken with some caution, since the meaning 

1 J e R T R 1 1 J e L T R 1 ° 

of the assigned confidence level is not at all clear. 
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The problem clearly comes from the measured value of (£5) e . In order to get 
a positive probability Q TR , one needs (£ — 1) > — |]. Thus, (£5) can only 

be made larger than 3/4 at the expense of making £ correspondingly much larger 
than one. Hence, if the current values of the Michel parameters for the decay of tau 
into electron and neutrinos were to be confirmed, one would have to go beyond the 
effective hamiltonian of Eq. ([!]): the combined observations for £ T _>e and (£<5) T _+ e are 
not consistent with an effective four-fermion interaction of the form in Eq. ([Jj. That is 
to say that no flavour- conserving, derivative- free, four-lepton interaction can be found, 
satisfying both these results simultaneously. Further, since lepton-flavour violations 
have no measurable effect if the final neutrinos are massless and unobserved |26fl , and 
derivative couplings would be suppressed by rn^/M^r ~ 5 x 10~ 4 , a sizeable effect not 
included in the effective Hamiltonian ([I]) seems very unlikely 2 . Hence, based solely 
on theoretical grounds, one can achieve the conclusion that, within a four-fermion 
hamiltonian, either (£5) r _ +e comes into agreement with the SM, or £ r ^ e must move by 
a factor close to 2 (a most unreasonable proposition). 

Table f| gives the world-average values of m T , t t , B\ = Br(r~ — > v T l~i>i), B % = 
Br(r~ — > u T 7T~), Bk = Br(r~ — > v T K~) and B^ = Br(r~ — > v t ti^ + v T K~\ In view 
of the significant improvements achieved with the most recent data, updated numbers 
including preliminary results reported in the last r Workshop |28] are also given. 



Parameter 


PDG 94 


Montreux 94 


m T 
B e 

Bit 

B k 
B h 


(1777.1±g;|) MeV 
(295.6 ±3.1) x KT 15 s 
(18.01 ±0.18)% 
(17.65 ±0.24)% 
(11.7 ±0.4)% 
(0.67 ±0.23)% 
(12.88 ±0.34)% 


(1777.0 ± 0.3) MeV 
(291.6 ± 1.6) x 10~ 15 s 
(17.79 ±0.09)% 
(17.33 ±0.09)% 
(11.09 ±0.15)% 
(0.68 ±0.04)% 
(11.77 ±0.14)% 



Table 4: World-average values || of the r mass, lifetime, leptonic branching ratios and 
Br(r~ — ► v T 7i~ /K~). The updated numbers in the third column, include preliminary 
results reported in the last r Workshop 



4 Universality tests 



The universality of the leptonic couplings can be tested through the ratios of the 
measured leptonic-decay widths: 





=1 







[22) 



1.0038 ±0.0087 (PDG 94) 

T T ~ ^ G~ ~ \ 1.0008 ±0.0036 (Montreux 94) ' 

2 The alternative is to go beyond the four-fermion Hamiltonian (]l|), allowing, for example, the 
decay of the tau into an electron and two (unobserved) neutral scalars, such as Majorons J27| or 
supersymmctric scalar neutrinos. 
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G/J.T 




G e fi 





0.9970 ±0.0073 
0.9979 ±0.0037 



(PDG 94) 
(Montreux 94) 



where 



G, 



Gi>, 



\ 



1 



m v g(mj,/mf) 
4 f]i-^i> — 



mi fimf/ml 



(23) 



(24) 



concerns 



An important point, emphatically stressed by Fetscher and Gerber 
the extraction of G eil from n decays, whose uncertainty is dominated by the uncertainty 
in rj. 

In models where rj = 0, Gm = Gin; then the limits ( p2]) and (^) strongly constrain 
possible deviations from universality. To first-order in new physics, Gin oc l±Re(Ag£ L ). 
Therefore, at 90% CL, -0.005 (-0.010) < Re(A^ TL - A#^ T J < 0.007 (0.018) and 
-0.008 (-0.015) < Re(A^ Ti - A^J < 0.004 (0.009), using the Montreux 94 
(PDG 94) data. 

Conversely, if lepton universality is assumed (i.e. Gm = Gp, g™ = g^), the 

leptonic decay ratios (|22|) and (|3|) provide limits on the low-energy parameter 7]. The 
best sensitivity [30] comes from G^ r , where the term proportional to rj is not suppressed 
by the small m e /mi factor. The measured B^/Be ratio implies then: 



0.034 ± 0.076 
0.007 ±0.033 



(PDG 94) 
(Montreux 94) 



(25) 



This determination is more accurate that the one in Table 0, obtained from the shape 
of the energy distribution, and is comparable to the value measured in //-decay: 77^-> e = 
-0.007 ±0.013 @. 

A non-zero value of r] would show that there are at least two different couplings 
with opposite chiralities for the charged leptons. Since, we assume the V— A coupling 
g\ L to be dominant, the second coupling would be |^U| a Higgs type coupling g^ R 
[i] w Ke(gf iR )/2, to first-order in new-physics contributions]. Thus, Eq. ( |25D puts the 
(90% CL) bound: -0.09 (-0.18) < Re(^) < 0.12 (0.32), using the Montreux 94 
(PDG 94) data. 

Finally, in models in which the new-physics couples exclusively to the lepton sector 
(so that the CKM matrix is unitary), further information may be found by comparing 
Gm with as extracted from the combination of (3 and K e3 decays ||31|| . Indeed, the 
usually quoted values for the CKM angles are extracted assuming that the coupling 
constant g, coupling W to fermions, is the same for quarks and leptons. Thus, if there 
are new contributions affecting only the lepton couplings, any deviation from unitarity 
in the first row of the CKM matrix reflects a deviation of g^ from the SM value. 



4.1 VF-exchange model 

The universality constraints are commonly presented, assuming that the leptonic decays 
proceed exclusively through the SM V— A interaction. In that case the Gm ratios reduce 
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to the corresponding ratios of leptonic PU-couplings: \G^ T /G 
\g T /g e \. Eq. (T~ 



;it / u er| Idft/deli (it / v.fi . 

should then be compared with the more accurate value |32], |33| 



9? 
9c 



1.0017 ±0.0015, 



(26) 



obtained from the ratio R e /^ = 
The decay modes t~ — > v t -k 
through the ratios 



r(vr v e )/T{it ->// u^). 

~ and r~ — > v T K~ can also be used to test universality 



Rt/K 
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2m vr m^ 



(1 — m 2 K /m 2 ) 2 
2mK'm 2 (1 — m 2 /m 2 K ) 2 



(l + «? T/7r 



(l + 



/A' 



(27) 
(28) 



where the dependence on the hadronic matrix elements (the so-called decay constants 
/„•#-) factors out. Owing to the different energy scales involved, the radiative correc- 
tions to the r~ —>■ v t t\~ / K~ amplitudes are however not the same than the correspond- 
ing effects in n~ / K~ — ► \i~v„. The size of the relative correction has been estimated 



by Marciano and Sirlin |!4] to be SRr/n = (0.67 ± 1.)%, where the 1% error is due to 
the missing long-distance contributions to the tau decay rate. A recent evaluation of 
those long-distance corrections |35[ quotes the more precise values 



SR T/n = (0.16 ± 0.14)%, 5R T/K = (0.90 ± 0.22)%. (29) 

Using these numbers, the measured r~ — > 7T~v T and r~ — > K~v T decay rates imply 





9t 


J 1.027 ±0.018 


9j_ 


.-{ 






7T ~ [ 1.006 ±0.008 ' 


9n 




The inclusive sum of both decay 


mo 


des, i.e 



0.96 ±0.17 
0.972 ± 0.029 



(PDG 94) 
(Montreux 94) 



(30) 



h u T ] with h — 7T, K, provides a 



slightly more accurate determination: 



9j_ 


w/K { 


9n 





1.043 ±0.015 
1.004 ±0.007 



(PDG 94) 
(Montreux 94) 



(31) 



An independent test of lepton universality has been obtained at the p-p colliders, 
by comparing the ratios of the a ■ B partial production cross-sections for the various 
W~ — ► l~V\ decay modes. The results of these analyses |36], [37], ^8 are however less 
precise: 



9e 



1.00 ±0.08 



0.99 ±0.04. 



(32) 



Thus, the present data verify the universality of the leptonic charged- current cou- 
plings to the 0.16% (e/p) and 0.37% (r/p) level. The precision of the most recent 
r-decay measurements is becoming competitive with the more accurate 7r-decay deter- 
mination. It is important to realize the complementarity of the different universality 
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tests. The pure leptonic decay modes probe the charged- current couplings of a trans- 
verse W. In contrast, the decays ir/K — > W and r — ► v T i\jK are only sensitive to 
the longitudinal W couplings. One can easily imagine new-physics scenarios which 
would modify differently the two types of leptonic couplings [39] . For instance, in the 
usual two-Higgs doublet model, the charged- scalar exchange generates a correction to 
the ratio B^/B e , but the pion-decay ratio R e /^ remains unaffected. Similarly, lepton 
mixing between the v r and an hypothetical heavy neutrino would not modify the ratios 
Bpl B e and R e /^ but would certainly correct the relation between r(r~ — > v T l~i>i) and 
T(jT -> iyTP e ). 



5 Constraints on new charged bosons 

In this section we assume that the interactions are mediated by charged vectors and/or 
charged scalars; therefore, there are no tensor couplings and Eqs. (|7|) become simpler. 
In particular, the quantities (1 — |p) and (1 — |£<5) reduce to sums of |yj^J 2 , which are 
positive semidefinite; i.e. , in the absence of tensor couplings, p < | and £5 < |. This 
allows us to extract direct bounds on several couplings. 

The measured values of p^e, Pt-*^-, Pr^e and p T ^i (I = e, p) imply: 



\9e L n R \ 2 + \9e Rf , L \ 2 = -0.0024 ±0.0035 < 0.0045 (90% CL) , 

K L T R \ 2 + \9 V m r L \ 2 = 0.016±0.051 < 0.094 (90% CL) , 

\9? L r R \ 2 + \9e R T L \ 2 = 0.019 ±0.037 < 0.074 (90% CL) , 

\€ TR \ 2 + Kr L \ 2 = 0.023 ±0.029 < 0.064 (90% CL) . 



(33) 



Except for \g^ LflR \ } these limits are stronger than the general ones in Tables |TJ and |^. 
Similarly, one gets from the different £5 measurements: 

\glJ 2 + K» L \ 2 + M Rm \ 2 + M J 2 + l\9e R , R \ 2 = -°- 0017 ± °- 0096 



< 0.015 (90% CL) 

I'L TR I Wl'RTL I -^'i'lirpr 2l ;/ /'L~f; 2l''/'jvnyl 



\n v \ 2 4-\n v \ 2 4-?\n v \ 2 4- l\n s \ 2 4- l\n s I 2 - ± 20 



< 0.36 (90% CL), 

' L 7 1: ' y '7Y~L -VJ>-f l Tfi\ 2 1 i.'ri 2l' y '.R~R 



\9lrJ 2 + \9lrA 2 + 2\9l T J 2 + M,r R \ 2 + h\ 9 "\ 2 = "0.48 ± 0.24 



(34) 



< 0.20 (90% CL) 



W + fcP+CI' + lW + iliLr = -o.oi ±0.12 



< 0.19 (90% CL). 

The limits on the (p, e) couplings are weaker than the ones in Table |l[ The bounds on 
the vector LR and RL couplings are also worse than the ones coming from Eq. fl3~3"|). 
However, the resulting limits on the other couplings are stronger than the ones in 
Table |3|. The constraint from (£<5) T ^ e shows explicitly that it is not possible to accom- 
modate a value larger than 3/4 with charged-boson (vector or/and scalar) exchanges. 

In the absence of tensor couplings, we can combine the information on £ and p to 
obtain another positive-semi definite combination of couplings: (1 — |p) ±|(1 — £). The 
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present data imply: 

3b, 



V (2 + I V 12 + II S 12 + II S |2 
\ile R ^ R \ ~ d\yer.Ur>\ ~ dl^e 



^RfJ-L I 



4 \Ve L \i R I 



4 ^e R fi R I 



3^ 



v 



+ b 



\ 2 + \\9 S 



4 l^fJ-LT R 



|2 + 1 I^S 



+ \9. 



CRTR I 



+ ib s 



QUV |2 i |„V |2 i 1|„S |2 i l|„S \2 
6 \9e 



3b; 



4 lVe L T R I 



+ lb£J 2 + ibf 



+ ib 5 



4 lze R r R I 



11 J 



y I 2 4- \n v 

R T L \ ' \i>l R T R \ 1 AWl L T R \ ' 4I^HT fl l 



= -0.0039 ±0.0053 

< 0.0067 (90% CL) 

-0.10 ±0.13 

< 0.16 (90% CL) , 

0.00 ±0.13 

< 0.21 (90% CL), 

-0.01 ±0.06 

< 0.10 (90% CL). 



(35) 



The resulting limits on b^J, \g v mTL l \g^ RTR \, \g^ LTR \, \g% RTR \, b^ r J and \gJ RTL \ are 
stronger than the ones obtained before. 

Combining the different limits, one gets the bounds shown in Table [5| The numbers 
with an asterisk have been derived from (£<5) e . If this information is not used, one finds 
the weaker limits: bf RT J < 0.92, bf rr I < 0.92 and |fl£L T J < 0.46. 





fi — > e 


r — > jj, 


t — > e 


T -> I 


\9 S LL \ 


< 0.55 


< 2 


< 2 


< 2 


bl«l 


< 0.066 


< 0.80 


< 0.63* 


< 0.62 


\9 S lr\ 


< 0.125 


< 0.80 


< 0.63* 


< 0.62 


\9rl\ 


< 0.424 


< 2 


< 2 


< 2 


\9 V ll\ 


> 0.96 


< 1 


< 1 


< 1 


\9 V rr\ 


< 0.033 


< 0.40 


< 0.32* 


< 0.31 


bLI 


< 0.060 


< 0.31 


< 0.27 


< 0.25 


\9 V rl\ 


< 0.047 


< 0.23 


< 0.27 


< 0.18 



Table 5: 90% CL limits for the couplings g^, assuming that there are no tensor cou- 
plings. The numbers with an asterisk use the measured value of (£<5) e . 

Up to now, our only assumption has been the absence of tensor couplings. However, 
in many extensions of the SM, the bounds we have derived on the couplings can be 
improved due to additional knowledge of the underlying dynamics. Such is the case 
with any model whose deviations from the SM in the lepton sector are dominated by 
one intermediate state. This will typically occur with the least massive gauge boson, 
if its couplings are not suppressed by some approximate symmetry. In the following, 
we study the constraints associated with the addition of one 'dominant' intermediate 
boson to the SM. 



5.1 Factorization 

Let us assume that the interactions are mediated by a single charged boson (either 
vector or scalar). Then, the previous limits are improved due to additional relations 
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among the couplings. Indeed, the factorization thus implied yields 0, 



<*LR ® n RL = ^LL Via , (36) 

where we have used a (standing for w, a, b, etc.) to stress that these equations relate 
four-fermion effective couplings originating from the same boson intermediate state; 
n = S for scalar mediated decays, and n = V for vector mediated decays. These 
relations hold within any of the three channels, (/x, e), (r, e), and (r, n). 

Moreover, there are additional equations relating different processes, such as 



(37) 



and 

(3* 

for any chosen set of chiralities (e, A, 7). Other similar equations may be obtained from 
these with the help of Eq. ( |36|) . Most of these relations constrain pairs of variables to 
the space below a hyperbola. 





<r R = 


t J, L T R 






eLfJ-R 




a n * 

e L fi L 




eR/J-L 






Im ( 




a n ) 

PAT 7 J 


= , 



5.2 Non-standard W interactions 

In this case we consider only iy-mediated interactions but admitting the possibility 
that the W couples non-universally to leptons of any chirality. Then, 



v 

9eu 



(39) 



while all other couplings vanish, leading to rj = 0. The normalization condition N — 1, 
implies strong (90% CL) lower bounds on the g\ L couplings: 



> 0.997 ; \g 



v 



> 0.83 ; 



\9e L T L I 



> 0.87* (0.80) ; \g^ Tr | > 0.90 



(40) 



The two \gi hTl \ limits correspond to the results obtained using the (£5) e measurement 
(*), or ignoring it (number within brackets). 

Since in this case the lower bounds of Eq. (flUD are direct limits on the couplings, 
wYl, of the intermediate boson under study, we can use the factorization equation (p6|), 
rewritten in the form, 



w. 



y 

ZR/J-R 



w v w v 

eLfJ-R ZRfJ-L 



w 



V 



< 0.0028 



(41) 



to improve the bound on g v 



CRt^R 



W 



V 

eRfJ-R 



by an order of magnitude. 



For the (r, /i) channel, we can use the lower bound on gY LTL , together with the 



factorization relations among the couplings of different channels to get the improved 
(90% CL) limits: 



w 



t J, R T L 



w v w v * 

IJ-LTL EL^R 



w 



V* 



< 0.060 



w 



V 

P-RTR 



w v w v * 

h L L T R ^LlJ-R 



w. 



V* 



< 0.019 . (42) 
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Similarly, for the (r, e) channel we find 



w 



eRTL 



W V W V 



W 



V 



< 0.047 ; 



w 



v 

zrtr 



W 



V 

eLl^L 



< 0.013 . (43) 



Notice that no information on (£5) e has been used here. Thus, for the case of non- 
standard H^-mediated interactions, the relations among channels developed above allow 
us to improve the limits on some couplings by one order of magnitude. 

Using the bounds (f42l) and (53), the normalization condition N — 1 allows us to 



further improve the (90% CL) lower limits on the w\ Y T couplings 



w 



y 

VLTL 



> 0.95 



w 



e L T L 



> 0.96 , 



where the last bound is now independent of the (£5) e measurement. 
Table ^| summarizes the limits on lU-mediated interactions. 





H — > e 


T — > [I 


t — > e 




W RR 

<R 
V 




> 0.997 

< 0.0028 

< 0.060 

< 0.047 


> 0.95 

< 0.019 

< 0.31 

< 0.060 


> 0.96 

< 0.013 

< 0.27 

< 0.047 



(44) 



Table 6: 90% CL limits for the couplings, assuming that any additional interactions 
are negligible. 



5.3 SM plus Charged Vector 

If in addition to the SM W boson [w\ L ^ 0, and all others zero), there is another 
vector boson with a mass not too large, then its presence will be constrained by the 
effective vector couplings (a^) that it generates. In particular, we have seen in Sect. | 
that differences of 

9 V ll = wL + 4l (45) 

corresponding to different channels are well constrained by universality tests. 

The general analysis follows the one of the previous case, except for the fact that 
Eqs. (PD, ([22]) and Q4"3"D do not provide upper bounds on the single couplings on the 
left hand side. Indeed, the lower bound on g^ LfJiL , which affects the sum of the SM 
with the new contribution, does not translate into a lower bound for aY ,, ■ This is just 
a reflection of the fact that the experiments are consistent with the inexistence of a 
contribution from a new vector boson. Of course, those relations are still useful in the 
form of Eqs. (0), to limit products of couplings. What we cannot do in this case, is 
use these relations, together with the lower bound on gY LflL , to place limits on a single 
coupling. 
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For instance, 



9e Lm 9e R J < 0.0028 (90% CL), 
9Lr R 9LrJ < 0.071 (90% CL) , (46) 
9 V e L r R 9 V e RTL \ < 0.073 (90% CL) . 

These equations establish non-trivial constraints since they involve a\ Ll to which we 
do not have direct experimental access. So, in addition to direct bounds on individual 
magnitudes, we have also constrained the allowed values to the space below a hyperbola, 
in the respective plane. Of course, there are many such constraints. Here we just want 
to illustrate their existence and point out that these constraints translate into non- 
trivial information and might be especially useful in specific models that have a small 
number of parameters. 



I v v 

\ a e L ^ L 9e R fi R \ 

I V V I 

l a MLT"L 9ll R T R \ 

I V V I 

(7 CI 



5.4 SM plus Charged Scalar 

In this case p = 3/4 and 



2 V = Re« L g s R * R ) ~ Re(g s RR ) 



2(1 -0 = 2(1- US 



9lr 



+ 



9rr 



(47) 



The positivity of (1 — leads now to slightly improved (90% CL) bounds for the scalar 
couplings, 



(4* 



The limits on the (//, e) couplings are still weaker than the ones in Table [1], but the 
others are stronger than the ones in Eqs. (0) and (|35]). Only the bound obtained from 
(£5) e is better. 

The information on the low-energy parameter 7] gives the (90% CL) limits: 



q s 


2 

+ 


q s 


2 


-0.006 ±0.016 


< 0.023 , 


q s 


2 

+ 


q s 


2 


-0.46 ± 0.48 


< 0.56 , 


9e L T R 


2 

+ 


9e R T R 


2 


-0.06 ±0.50 


< 0.79 , 


9l L TR 


2 

+ 


n s 

yi R r R 


2 


-0.12 ±0.22 


< 0.30 . 



-0.057 <Re«^J< 0.029 
-1.03 <Re( 



v s* 

t^LTL^^RTR 



g:;::. i < 0.47 . 



(49) 



Assuming lepton universality, Eq. 
couplings: 



yields a much better bound on the r 



-0-18 \ R / v 5 * x / 0.32 



-0.09 



< 



< 



0.12 



PDG 94 
Montreux 94 



(50) 



which, however, is still worse than the limit obtained from 
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Using the factorization relations, one gets additional limits, such as 

1^*0 = 1^^*1 < 3.6x10"*, 

\9 S e R » L 9 s mTR \ = \g s eRm 9Lr R \ < 0.050. (51) 

improving the limits on the products in the left-hand side of the equations over the 
bounds obtainable directly from Table [5[ At present, the tl couplings are only con- 
strained by the normalization condition: \gf \ < 2 and \g( hT \ < 1. 



6 Constraints on new neutral bosons 

In this section we study the possible existence of neutral bosons violating the leptonic 
I and I' numbers. For example, in models with heavier leptons with non-canonical 
quantum number assignments, there are non-diagonal Z° interactions induced by the 
mixing of the standard leptons with exotic ones. In other models, similar couplings 
with new neutral scalars arise naturally at levels close to the current experimental 



values 31 



Of course, such interactions will also contribute to the well constrained flavour- 
violating decays into three charged leptons, such as \i — ► eee. The l~ — ► Uil'~Pi> decays 
involve two charged-lepton and two neutrino couplings to the intermediate boson, while 
decays of the type l~ — > involve four charged-lepton couplings. Therefore, 

the two types of decay provide complementary information. Note, however, that in 
many models the neutrino and charged-lepton couplings are related; in such cases, the 
constraints from the l~ — > l^ltl^ decays are usually much stronger than those obtained 
from the l~ — > vil'^vy spectra. 

It is easily shown that if, as we are assuming, the final neutrinos are massless and 
not observed, one falls back on an effective hamiltonian like that of Eq. ([[]), even in 



the presence of lepton-number nonconservation [26]. In the appendix, this is shown 
explicitly for the case of neutral boson mediated interactions. We also include there 
the derivation of some formulae useful in this section, and a discussion of bounds from 
neutrinoless charged-lepton decays. In the cases studied here there are no relations 
among different channels. 



6.1 SM plus Neutral Vector 

When the decay is mediated by neutral vector bosons, all the LR and RL couplings 
vanish and p = 3/4. Since there are no tensor couplings, the relevant bounds on Table [| 
are also valid in this case. Moreover, (1 — £) is now a positive-semidefinite quantity, 
which gives the additional (90% CL) limits, 



1 

2 




2 


+ 2 


y e*M* 


2 


< 0.011 


1 
2 




2 


+ 2 


y M*T* 


2 


< 0.28 , 


1 
2 


S 


2 


+ 2 


ye R r R 




2 


< 0.39 , 


1 
2 


9l R T R 


2 


+ 2 


91rtr 


2 


< 0.15 . 



(52) 
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The limits on the (/i, e) couplings are weaker than the ones in Table [l], but the others 
are stronger than the ones in Eqs. ( |34]) and (|35|). Only the bound obtained from (£5) e 
is better. 

As usual, we distinguish the SM W and the neutral vector boson contributions to 
9ll by the letters w and a, respectively. Hence, 

91l = w ll + a LL ■ (53) 
As shown in the appendix A.l, the new contributions satisfy the relation 

aLL a RR = 4 a LL a RR , (54) 

which yields the 90% CL bounds 



\a v 


Q V 1 


1 

" 4 


\q S 


q S 1 


< 


9.1 x 10" 3 , 




q V 1 


1 

" 4 


\q S 


q S 1 


< 


0.37 , 


1 V 


q V 1 


1 

" 4 


\q S 


9 5 1 


< 


0.32* (0.44) 



Again, these relations yield constraints on a^ L , to which there is no direct experimental 
access. 





/i — > e 




t — > e 


\otvi\ 2 




in 12 
I "mn \ 


< 1.1 x 10" 3 


< 0.14 


< 0.20 


\M 


Em,n 


\a |2 
"ran | 


< 7.6 x 10~ 2 







Table 7: 90% CL limits on products of quadratic polynomials in the lepton and neutrino 
couplings. If one uses the measured value of (£5) e , the number on the last column will 
read instead 0.10. 



Assuming that the neutrinos are not detected, the neutral-vector-induced effective 
couplings may be written as 



aY , = an 

l R l R 



L L l L 



E 



CTr. 



1/2 



1/2 



L R L R 



-2 am 
-2 Pm 



E 



(Jr. 



El^ 



1/2 



1/2 



(56) 



where a (f3) is the hermitian coupling matrix of the right- (left-) handed charged 
leptons to the neutral vector and 9 (a) is the coupling matrix of the right- (left-) 
handed neutrinos, in appropriate units (see appendix A.l). The experimental limits on 
the effective four-fermion couplings constrain then these combinations of the original 
vector couplings. We summarize these results in Table 0. The bounds on the first line 
remain the same with 9 substituted by o and the missing numbers on the second line 
are due to the lack of experimental access to Q TL . 
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6.2 SM plus Neutral Scalars 



Finally, we consider the case in which there is a neutral scalar contribution to fi and r 
leptonic decays, in addition to the SM contribution. These new contributions vanish 
for the LL and RR couplings and satisfy the relations 



L LR 



L LR 



2a 



LR 



L RL 



L RL 



2a 



RL 



(57) 



This allows us to express everything in terms of the vector couplings. One gets then 
the positive definite quantities: 



1--^ = 2(|^ + |^ L | 2 



and 



4 



V |2 



(1-0 = 6|<^| 



The N = 1 constraint provides the additional relation 

1 = \9 V ll\ 2 + 2{\9 V L r\ 2 + \9 V rl\ 2 



(58) 
(59) 

(60) 



IP 



Thus, 1 

The resulting 90% CL limits are given in Table 



1 — |£<5 = (1 — |<?L£,| 2 ), which gives lower bounds on all g v LL couplings. 





[A — > e 




t — > e 


T -> I 


\9Il\ 


> 0.998 


> 0.95 


> 0.96 


> 0.97 


\9 V lr\ 


< 0.047 


< 0.22 


< 0.19 


< 0.18 


\9 V r L \ 


< 0.033 


< 0.16 


< 0.19 


< 0.13 



Table 8: 90% CL limits for the g™ u couplings, taking g^ R = 0, g s LL = 0, g\ R = g[ R 
2g T LR and g v RL = g s RL = 2g T RL . 



In addition we have the constraints from T], which at 90% CL give 

-0.007 <Re(gl m g^ L )< 0.004, 
-0.13 < Re (gV LTR g^) < 0.06. 

These effective couplings may be written in terms of the ones in the original la 
grangian as 



(61) 



.v 



i' i 



Av 



j:\Bn 



1/2 



y 



v i 



A* 



1/2 



(62) 



where A (B) is the coupling matrix of the charged leptons (neutrinos) to the neu- 
tral scalar, in appropriate units (see appendix A. 2). So, the previous limits contain 
combined information from the two sectors. 

It is important to emphasize that, within the philosophy we sustain of discarding 
intermediate tensor particles (for they hardly appear in any reasonable model beyond 
the SM), this is the only possible source of tensorial terms. This fact has interesting 
consequences which we will explore in the next section. 
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SM + Charged 

Vector 
Nonstandard W 


SM + Charged 
Scalar 


SM + Neutral 
Vector 


SM + Neutral 
Scalar 


p-3/4 


< 


SM 


SM 


< 


e-i 


AS 


< 


< 


AS 


(*0 - 3/4 


< 


< 


< 


< 


V 


SM 


AS 


AS 


AS 



Table 9: Theoretical constraints on the Michel parameters 

7 Opportunities for Physics Beyond the SM 

In Table |9| we present a summary of the theoretical constraints imposed on the measured 
quantities , for the various cases under study. There, SM denotes that the Standard 
Model results are recovered and AS indicates that any sign is allowed. 

It is immediately apparent that p < 3/4 and < 3/4 in all cases that we have 
studied. Thus one can have new physics and still p be equal to the SM value. In fact, 
any interaction consisting of an arbitrary combination of gfjs and gYJs yields this 



result p0 |. On the other hand, will be different from 3/4 in any of the cases above 
providing, in principle, a better opportunity for the detection of Physics Beyond the 
SM. 

The above features are easy to understand by looking back at Eqs. (^) and recalling 
that the tensor couplings can only be generated by neutral scalar interactions (violating 
individual lepton flavours), in which case they are proportional to the scalar couplings. 
It is easy to see that having two such neutral scalars will not alter the situation. Indeed, 
to obtain p > 3/4 or > 3/4 one will also need the presence of a charged scalar. 

Let's then assume that we have a neutral scalar with couplings 



b LR 



a LR — 2 o>lr 



RL 



RL 



2 a 



RL i 



(63) 



and a charged scalar with couplings bf u . We obtain 
3 



3 
4 



2|aL| 2 + 2|4 L | 2 + ^Re(a s LR b s L * R + a s RL b s R * L ) 

l,.c 



l LR 



b S LR f + l\a s LR + b s 



b LR 



LR\ 



+- a 



The first equation shows that p might exceed 3/4 provided that 

»' ~ ■ < -4 



+ 2\a 



RL I 



+ -Re(a% T b 



s* \ 

RL U RL) 



or 




< -4 . 



(64) 

(65) 
(66) 
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As for (££), it can only exceed the SM value through RL couplings, and only if the 
last equation is satisfied. Then, detecting p greater than the SM value would mean that 
there were at least a charged scalar and a neutral scalar in action. A measurement of 
(6£) greater than 3/4 would then discriminate between RL and LR couplings. However, 
as pointed out before, a measurement of (6£) > 3/4 must, in general, be accompanied 
by a measurement of £ > 1. If the contrary were to become well established, we would 
have detected physics beyond the four-fermion hamiltonian. 

8 Conclusions 

We have used the recent measurements on the Michel parameters in tau decays to per- 
form a complete, model independent analysis of the constraints implied for scalar and 
neutral bosons, as they exist in most models beyond the SM. If the new contributions 
are dominated by the effect of one such new intermediate boson, relations among the 
different couplings arise. 

In the case of charged intermediate bosons, these relations involve couplings from 
different decays. If the most important new feature is the coupling of the usual W 
boson with right handed leptons, then the data from muon neutrino scattering off 
electrons can be used to improve some of the limits on couplings in tau decays by an 
order of magnitude. In the other cases, it constrains products of couplings of different 
channels to the space below a hyperbola. This information will be particularly useful 
for models in which these couplings are functions of the same parameters of the original 
theory. 

In case the dominant new features are provided by the exchange of flavour violating 
neutral scalars, there are no relations among the different channels. The relations 
within each channel were derived assuming that the final neutrinos are massless and 
not observed. This shows explicitly that the analysis based on the common four fermion 
hamiltonian is still valid in this case. It is shown in the appendix that, given the current 
experimental situation, the bounds obtained from the Michel parameters only compete 
with those provided by the decays l~ — > I1I2I3, in theories were the charged lepton 
couplings to the intermediate particle carrying flavour are suppressed by some (exact 
or approximate) symmetry. 
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A.l Neutral Vector Bosons 



We parametrize the interaction of a neutral vector boson V® with the leptons by 



where 



J» = M V \/2V2G F lY(aiR + + ^{0 lR + o lL )v 



(67) 



(6£ 



My is the mass of the neutral vector, j R>L = (1 ± 75) /2 are the chirality projectors, 
and a, (3, 9 and a are 3x3 hermitian matrices in the respective flavour spaces. 

Since My is typically much larger than the energy scale of \i and r decays, the 
interaction is effectively that of four fermions, 

1 ' (69) 



n 



IMl " ' 



which, after Fierzing, yields an effective interaction between two neutrinos and two 
charged leptons of the form, 



H 



V2 



(70) 



As expected, the chirality changing couplings RL and LR vanish. Notice that the 
resulting effective couplings satisfy the relation 



4 1 4 1 

R R l L l L 



A V V 
L R t R L L 



(71) 



Since the neutrinos are unobserved, Eq. ( |70| ) reduces to the hamiltonian (|1]), with 
effective couplings: 



a:, = a vl 6 

l R l R 



I' I 



Pin S 



v 1 

R R 



-2 am S 
-2 A'/ © 



where 



6 



1/2 



El 

m,n 



Or. 



1/2 



(72) 



(73) 



The lagrangian (^) also induces flavour-changing decays of fi and r into three 
charged leptons. Neglecting the masses of the final leptons, the corresponding decay 
widths can be written as 



T[l ► Z 1 12I3 



13 J 192tt 3 " hhh ' 

where C\ii are quartic polynomials in the lepton couplings a and /3, given by 

c Lh = w * {(l«wl 2 + I Aiil 2 ) (Wl 2 + IA 3 / 2 | 2 ) 



(74) 



+ (l«d 2 + IA3/I 2 ) (Kd 2 + \Phh\ 2 ) 

+2Re [a^a^a^a^ + (a -> /3)] } 



(75) 
(76) 
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and ws denotes the appropriate statistical factor (w$ = 1 for Z x ^ l 3 and w$ = | for 
l\ = l 3 ). The present experimental bounds on these parameters are given in Table [TO. 
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< 1.9 x 10~ 5 



Table 10: 90% CL limits H, 3IJ on products of quartic polynomials in the couplings. 



In general, the bounds in Tables and [TT] affect different combinations of the 
original couplings. The first gives us combined information on the charged and neutral 
lepton sectors, while the second constrains only the charged lepton sector. However, 
in many models, these couplings are related. As an example, let us assume that all 
diagonal couplings are of order one with all off-diagonal couplings suppressed. Then, 
from Table [7| we find 
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(77) 



while the bound on / — > 3/' provides much more stringent limits, 
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(78) 



On the other hand, if we keep the assumption that the diagonal couplings are dominant 
but there is a hierarchy between the neutrino and lepton couplings of order 



Oil 



O(10 2 



(79) 



then the information in the Michel parameters becomes comparable with that in r — > 3e 
and r — > 3fi decays. Of course, this last case will only seem 'natural' in the presence 
of some (maybe approximate) symmetry suppressing the charged-lepton couplings to 
the new neutral vector. 



A. 2 Neutral Scalar Bosons 

The interaction of a new flavour-violating, neutral scalar boson S° with the leptons 
can be written as 

£ = J S° , (80) 
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J = M S ^/V2G F l(A^ R + A lL )l + u{B^ R + B lL ) 



where 



Ms is the mass of the neutral scalar, and A and B are 3x3 matrices in the respective 
flavour spaces. Again, since Ms is typically much larger than the energy scale of fi 
and r decays, the interaction is effectively of the four fermion type. After Fierzing, the 
l L Pv m v n interaction is described by the hamiltonian (|l|), with effective couplings: 
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l R l L 
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i n -Hi p Aj i B nm , 



illi p 
l L l R 



A*, Br, 



The LL and RR couplings vanish. Notice the relation 

y,i p y,i p — y,i p y,i p ■ 

R L l L l R R L L R 



:s2) 



Since the neutrinos are unobserved, the measurable vector and scalar effective cou- 
plings are also related: 



9 1' i 
9vi =9 S vi 



gf =2g T =A n n, 

t 7>t r ^ t-> £ r 



2^T, =A* u ,n 

L R 



where 



n 



-,1/2 



This new flavour- changing neutral scalar also contributes to the decays / 
The corresponding decay widths are given by 



T[l ► / 1 12I3 



mfG 



5^2 
~F V l 



1927T 3 



(84) 
(85) 

(86) 



where the T>\ ^ 1 are quartic polynomials in the charged-lepton couplings: 
vUi 3 = w s{(\A hl \ 2 + \A Ul \ 2 ) (\A h i 3 \ 2 + \A l3h \ 2 ) 



+ (\A l3l \ 2 + \A ll3 \ 2 ) (\A hl2 \ 2 + \A hh \ 



57) 



-Re 



A hiA* hl A hh A* hh + A* lh Au 3 A* hh A h i^ } . 



For the case of \x — > 3e, this combination of couplings is greatly simplified, 

3 



Deee — -^^A^eY + \A elJ \ Z ) \A ee \ 2 



Since we have taken identical normalizations, the experimental bounds on these pa- 



rameters are the same as those in Table 10 



Again, unless in the specific model one is studying some of the couplings to the 
charged leptons are suppressed with respect to the neutrino couplings, the bounds 
from the decays l~ — > I1I2I3 will be much stronger than those from l~ — > I ~vv. 
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